Introduction
Solid-State NMR spectroscopy is increasingly used for studying complex supra-or biomolecular systems, because such materials tend to lack long-range order and crystallinity which often renders scattering techniques inapplicable. In organic supramolecular structures, hydrogen bonds are one of the most important structure-forming elements, as they bridge the gap between covalent bonds and non-covalent interactions. In this context, solid-state NMR has proven to be a versatile tool because it can directly detect the pro-tons in the hydrogen bonds [1] . For solids, however, the resolution of different proton sites in the NMR spectra may still pose problems, as the 1 H chemical shift dispersion is relatively small (∼ 15 ppm) compared to the residual resonance line widths (∼ 0.5 ppm), even though powerful line-narrowing techniques are available, such as fast magic-angle spinning [2] (MAS) or radio-frequency decoupling [3] . Here, we introduce solid-state NMR experiments which allow deuterons ( 2 H) to be used as fully adequate substitutes for protons. For hydrogen-bonded systems, sample preparation is straightforward as all acidic protons are readily replaced by 2 H by exposing the material to solvents capable of 1 H/ 2 H exchange (D 2 O etc.). Despite 2 H being a spin-1 nucleus with quadrupole couplings of about 100 kHz, the NMR methods described here allow deuterons to be treated as "effective spin-1 / 2 " nuclei without perturbing quadrupolar effects, but with 2 H chemical-shift resolution and full capabilities of generating dipolar correlations [4] . probehead with a 2.5 mm MAS unit. On this probehead, the π/2 RF pulses were set to 3 µs ( 2 H) and 4 µs ( 15 N). All experiments were performed under MAS at 29762 Hz, which gives rise to an effective sample temperature of T = (54 ± 3)
Experimental details
• C. The pulse sequences of the different 2 H-X correlation experiments performed in this work are depicted in Fig. 1 and discussed below.
Results and discussion

Removing the
2
H quadrupole coupling
Up to now, solid-state 2 H NMR experiments focus basically only on the quadrupole properties of 2 H, as quadrupole couplings can conveniently be measured by Pake patterns in static spectra and provide detailed insight into molecular dynamics [5] . These wellestablished techniques require samples where deuterons have synthetically been placed at the sites of interest. So far, chemical-shift resolution of different 2 H sites has not become routine [6, 7] , probably because it has been considered a rather hopeless venture to uncover the small 2 H chemical shifts (of < 1 kHz size) underneath the broad (> 100 kHz) quadrupolar lineshape. In static NMR experiments, this perception is certainly justified, but the solution to this problem comes with MAS, because 2 H (first-order) quadrupole couplings broaden the lines in an "inhomogeneous" fashion according to the terminology of Maricq and Waugh [8] . MAS can fully remove such inhomogeneous broadenings, because the NMR signal is, in principle, completely refocused over one rotor period, irrespective of the MAS frequency. Fast spinning (at about ≥ 20 kHz) ensures suppression of additional "homogeneous" line broadening which is mainly due to homonuclear dipolar interactions. Thus, 2 H quadrupole couplings can be abandoned from MAS NMR experiments when the treatment of the 2 H nuclei occurs in a "rotor-synchronized" fashion, i.e., at intervals of full rotor periods only. 1 H (700.1 MHz) NMR spectrum of the residual protons in D 5 -cytosine-monohydrate (black line), and 1 H (700.1 MHz) NMR spectrum of the fully protonated sample (blue line). All spectra were recorded by one-pulse experiments at 29762 Hz MAS (corresponding to a rotor period of 33.6 µs), and the data was acquired in a rotor-synchronized fashion.
second-order quadrupolar shifts can be neglected and a static structure is concerned, but vibrational effects cause 2 H and 1 H shifts to be slightly different [9] . However, the degree to which the 2 H shifts deviate from 1 H in our studies is by far small enough to allow for an unambiguous mutual assignment of all 1 H and 2 H resonances.
3.3
2
H-X dipolar correlations
To correlate 2 H with spin-1 / 2 nuclei (such as 1 H, 15 N etc.) via heteronuclear dipole-dipole couplings under fast MAS, a REDOR-type train of π-pulses can be used to recouple the relevant interactions. The REDOR experiment [10] , alongside with its 1 H-X variants [4], is well established and becomes applicable to the 2 H-X case when 2 H polarization is used and treated in a fully rotor-synchronized fashion. In addition, it is advisable to omit π-pulses on the 2 H channel, because the efficient inversion of 2 H polarization still requires a broad excitation bandwidth [11] , which is often beyond the technical capabilities of NMR spectrometers. Fig. 1a shows a pulse sequence for correlating 2 H and X chemical shifts (with X = 13 C, 15 N, 1 H etc.) under MAS via recoupled dipolar interactions. The experiment starts with 2 H polarization and detects 2 H signal which has passed through a correlated state of 2 H-X antiphase magnetization during t 1 . In this antiphase state, the X spins evolve under X chemical shifts. In the two recoupling periods, the π-pulse trains are completely applied on the X channel, so that 2 H dephasing effects are not refocused. Hence, in the presence of 2 H resonance offsets, sine and cosine modulated 2 H data needs to be recorded separately by changing the phases of the π/2 pulses appropriately [5] . Corresponding 2 H-15 N and 2 H-1 H dipolar correlation spectra, recorded on D 5 , 15 N 2 -cytosine-monohydrate, are shown Figs. 3a and 3b, respectively. In the 2 H-15 N spectrum (Fig. 3a) , the signal observed for short recoupling (shown in green) represents the closest 2 H-15 N contact (i.e., D1-N2), while the other signals require longer recoupling as they arise from longer-distance contacts with weaker couplings. The peak intensities allow the sites D2 and D3 to be distinguished according to their different couplings to N1. The 2 H-1 H spectrum (Fig. 3b ) exhibits correlation signals of all close through-space 2 H-1 H contacts expected from the structure [12] , with the peak intensities reflecting the respective 2 H-1 H distances. 2 H-1 H correlation with R 1 = R 2 = 8 rotor periods recoupling. In the inset, the structure assignment is given, and the 15 N-labelled sites are shown in dark blue.
3.4
2 H-X distance measurements Based on the above correlation experiments, 2 H-X distance measurements can straightforwardly be performed by means of rotor-encoded recoupling. The resulting sideband patterns are extremely sensitive to the underlying couplings. The pulse sequence is depicted in Fig. 2b and corresponds to the REREDOR scheme introduced recently [13] . In its 2 H variant, all 2 H π/2 pulses are applied at the same rotor phase and kept in place, while rotor encoding is introduced on the X-spin side by shifting the second π-pulse train relative to the first. Using 2 H-X REREDOR, sideband patterns are obtained with 2 H chemical-shift resolution, and Fig. 4 shows selected 2 H-15 N and 2 H-1 H distances measured in D 5 -cytosine-monohydrate. All distances are accurate on the picometer scale (see Supporting Information at: www.cesj.com/chemistry/files/03-paper-Support-SI1-SI12.pdf). As the sideband patterns are always dominated by the strongest coupling, the measurement of the longer N· · ·H distance across the hydrogen bond in cytosine (see [12] . For the covalent bond N2-D1, dipolar recoupling yields a longer distance (by ∼ 4 pm) than neutron diffraction data, which arises from vibrational averaging of the dipolar coupling tensor [14].
Fig. 4
2 H-15 N, 2 H-1 H and 1 H-15 N distances in cytosine-monohydrate as determined from REREDOR sideband patterns (using recoupling times of 2 H-
The distances result from the respective dipole-dipole couplings which are obtained from comparing experimental (black) and simulated patterns (green, with a quadrupole coupling of C Q /2π = 160 kHz, as determined experimentally using the 2 H DQ OMAS approach [7] ).
Conclusions
In conclusion, our work demonstrates that substituting protons by deuterons is a practical and most useful strategy for studies of hydrogen-bonded systems by solid-state NMR spectroscopy. The strong 2 H quadrupole coupling can effectively be averaged by conducting fast-MAS NMR experiments a "rotor-synchronized" fashion. In this way, 2 H chemical-shift resolution can be gained, and dipolar 2 H-X correlation experiments become feasible, which then provide 2 H-X chemical-shift correlation spectra as well as accurate 2 H-X internuclear distances from 2 H-X dipole-dipole couplings. In this study, the 2 H NMR chemical shifts were found to largely agree with 1 H NMR values, but further investigations into the minor differences between 1 H and 2 H data, including vibrational and second-order quadrupolar effects, are currently underway.
